Nicotinamide adenine dinucleotide (NAD)-dependent D(-)-and L(+)-lactate dehydrogenases have been partially purified 89-and 70-fold simultaneously from cell-free extracts of Pediococcus cerevisiae. Native molecular weights, as estimated from molecular sieve chromatography and electrophoresis in nondenaturing polyacrylamide gels, are 71,000 to 73,000 for D(-)-lactate dehydrogenase and 136,000 to 139,000 for L(+)-lactate dehydrogenase. Electrophoresis in sodium dodecyl sulfate-containing gels reveals subunits with approximate molecular weights of 37,000 to 39,000 for both enzymes. By lowering the pyruvate concentration from 5.0 to 0.5 mM, the pH optimum for pyruvate reduction by D(-)-lactate dehydrogenase decreases from pH 8.0 to 3.6. However, L(+)-lactate dehydrogenase displays an optimum for pyruvate reduction between pH 4.5 and 6.0 regardless of the pyruvate concentration. The enzymes obey MichaelisMenten kinetics for both pyruvate and reduced NAD at pH 5.4 and 7.4, with increased affinity for both substrates at the acid pH. a-Ketobutyrate can be used as a reducible substrate, whereas oxamate has no inhibitory effect on lactate oxidation by either enzyme. Adenosine triphosphate causes inhibition of both enzymes by competition with reduced NAD. Adenosine diphosphate is also inhibitory under the same conditions, whereas NAD acts as a product inhibitor. These results are discussed with relation to the lactate isomer production during the
By definition, all lactic acid bacteria produce some lactic acid during fermentation of carbohydrates. In most cases this lactic acid is either levorotatory or dextrorotatory, but occasionally a mixture of both isomers can be formed. Lactobacillus sake has been found to form L( +)-lactic acid by the action of a nicotinamide adenine dinucleotide (NAD)-dependent L( + )-lactate dehydrogenase (EC 1.1.1.27; L+LDH), which in the presence of lactate racemase (EC 5.1.2.1) results in the production of a racemic mixture of lactic acid in the culture (14) . A similar situation has also been reported recently in L. curvatus (20) . However, certain other members of this group of organisms produce racemic mixtures of lactic acid by the simultaneous action of NAD-dependent D(-)-lactate dehydrogenase (EC 1.1.1.28; D-LDH) as well as L+LDH (4, 5, 10, 17) .
Since pediococci are traditionally regarded as organisms that produce racemic lactic acid as a major end product of glucose catabolism (1), the question arises: how is this racemic mixture actually formed? Preliminary studies by Hiyama et al. (14) indicated that production of 60( racemic lactate by Pediococcus lindneri and P. hennebergi is brought about by the presence of two different lactate dehydrogenases within their cells. The present investigation was undertaken in an attempt to provide information at the enzyme level on the mechanism of production of racemic lactate mixtures in cultures of P.
cerevisiae.
MATERIALS AND METHODS
Materials. All cofactors, substrates, nucleotides, glycolytic intermediates, as well as dithiothreitol (DTT) and tris(hydroxymethyl)aminomethane (Tris), were purchased from Sigma Chemical Co. (St. Louis, Mo.). Lactate dehydrogenases from rabbit muscle and L. leichmannii were purchased from Boehringer-Mannheim GmbH (Mannheim, Germany). Diethylaminoethyl-Sephadex A-25 and Sepharose 6B were products of Pharmacia Fine Chemical Company (Uppsala, Sweden); hydroxylapatite Bio Gel HTP was obtained from Bio-Rad Laboratories (Richmond, Ca.). Ammonium sulfate was special LACTATE DEHYDROGENASES FROM P. CEREVISIAE National Collection of Dairy Organisms (National Institute for Research in Dairying, Shinfield, Reading, Berkshire, England) and from the National Collection of Industrial Bacteria (Torry Research Station, Aberdeen, Scotland), respectively. Both were maintained by monthly subculture on MRS agar (3) slopes, which were stored at 4 C after growth for 24 h at 28 C.
Large-scale growth of P. cerevisiae was undertaken in a 10-liter carboy of MRS medium containing only 1.0% (wt/vol) glucose. The complete medium without glucose was sterilized by autoclaving at 115 C for 20 min; a 40% glucose solution, sterilized separately by autoclaving, was then added aseptically to a final concentration of 1.0%. Bacterial growth in the carboy was initiated with a 1% (vol/vol) inoculum of a 24-h culture grown in the same medium. The culture was incubated at 28 C for 18 h, with constant but slow magnetic stirring. The cells were harvested by centrifugation, washed with cold 0.9% (wt/vol) NaCl, and stored as a frozen cell paste.
Cells for lactate racemase studies were grown in 100-ml amounts of modified MRS, which was prepared by omitting sodium acetate and ammonium citrate and by reducing the glucose concentration to 0.1%.
Preparation of cell-free extracts. Ten grams of thawed cell paste was suspended in about 200 ml of 0.05 M sodium phosphate buffer (pH 7.0) containing 2 mM DTT and 2 mM sodium-DL-lactate, and disrupted in 50-ml fractions with 50 g of glass beads (0.10-to 0.11-mm diameter) at 4,000 rpm in a Braun cell homogenizer (type MSK; Melsungen, Germany) for 15 min. During disruption, the glass vessel was cooled by a continuous stream of liquid CO2. The opaque, straw-colored liquid was decanted and then clarified by centrifugation at 37,000 x g for 30 min. The resultant supernatant was then used for all enzymatic procedures.
Enzyme assays. Both lactate dehydrogenases were assayed spectrophotometrically at 340 nm by using a Pye-Unicam SP 8000 recording spectrophotometer with 3.0-ml, 1.0-cm path length quartz cuvettes. Lactate oxidation was measured in a system containing 25 mM Tris-maleate buffer (pH 8.2), 2.0 mM sodium NAD, and 10 mM lithium L(+)-or 10 mM D(-)-lactate in a final volume of 3.0 ml. Pyruvate reduction was measured in a 3.0-ml system containing 25 mM Tris-maleate buffer (pH 5.4 or 7.4) and concentrations of sodium pyruvate and sodium reduced NAD, as indicated in Table 1 . Dehydrogenase Isomer production of lactic acid in culture supernatants, as well as in assays of lactate racemase, was determined enzymatically by the method of Hohorst (15) , using L+LDH from rabbit muscle and D-LDH from L. leichmannii.
Dry weights of the cells were determined in preweighed glass vials after addition of a washed-cell suspension and drying at 105 C to constant weight.
Protein concentration in cell-free extracts was measured by the biuret method (12) , with crystalline bovine serum albumin as standard, whereas protein concentrations of all other purification steps were estimated by using their absorbance at 260 and 280 nm (21) .
Molecular weight estimations. Native molecular weights were estimated by gel filtration through a Sephadex G-200 column (2.6 by 65 cm) eluted with 0.05 M sodium phosphate buffer (pH 7.0) containing 2 mM DTT. Standard proteins and methods for their assay have been described previously (11) .
The native molecular weight of D-LDH was estimated electrophoretically, by the method of Hedrick and Smith (13) , in an alkaline polyacrylamide gel system (2) as described previously (11) . However, an estimate for L+LDH was not possible in this system owing to the extreme lability of this enzyme at alkaline pH. Therefore, the native molecular weight of L+LDH was estimated electrophoretically at pH 7.0 by the procedure of Weber and Osborn (22) modified by the omission of sodium dodecyl sulfate. Five polyacrylamide gel concentrations (5 to 9%). were used for the estimation by the method of Hedrick and Smith (13) .
Subunit molecular weights of the two enzymes were estimated in gels containing 0.1% sodium dodecyl sulfate by the method of Weber and Osborn (22) as described previously (11) .
RESULTS
Growth characteristics and lactate production by P. cerevisiae. The growth characteristics of P. cerevisiae grown in standing batch culture at 28 C in a 10-liter carboy are shown in dium, whereas the D(-) isomer did not appear until several hours later when the pH had fallen to about 5. At this point, further L(+) acid production ceased.
Lactate racemng activity in cell-free extracts of pediococci. Cell-free extracts prepared from cells of P. cerevisiae and P. pentosaceus, grown in the absence of acetate and citrate, exhibited considerable lactate racemizing activities of 4.1 and 3.6 U/mg of protein, respectively. However, after overnight dialysis of the extracts against the buffer system used for cell-free extract preparation, this activity was completely lost, while specific activities of both lactate dehydrogenases were essentially constant.
Partial purification of NAD-dependent L+LDH and D-LDH from P. cerevisiae. Enzyme activities were monitored by lactate oxidation throughout the purification procedure. All operations were carried out between 0 and 4 C, except the ammonium sulfate fractionation, which was performed at room temperature (about 20 C).
After centrifugation at 4 C, the cell-free extract was equilibrated at room temperature, after which it was adjusted to 45% ammonium sulfate saturation by the slow addition of the solid chemical (277 g/liter) together with slow magnetic stirring while a constant, gentle stream of dry nitrogen was played over the liquid surface. The pellet formed after centrifugation (20 min at 37,000 x g) was discarded, whereas the ammonium sulfate concentration of the supernatant was increased to 70% saturation (by addition of 171 g of solid chemical per liter to the 45% saturated-ammonium sulfate supernatant, with identical precautions). Centrifugation (20 min at 37,000 x g) produced a pellet which was suspended in 5 ml of 0.05 M sodium phosphate buffer (pH 7.0) containing 2 mM DTT.
This solution was layered onto a Sepharose 6B column (2.8 by 70 cm), which had been equilibrated with the same buffer, and the column was eluted at a flow rate of 30 ml/h. L+LDH was eluted first and was followed closely by D-LDH, with a slight overlap of activities. Fractions with more than 50% of the activity of each peak fraction were pooled (Fig.  2) .
The first peak was concentrated to about 5 ml in an Amicon ultrafiltration cell fitted with a UM-50 membrane. The concentrated solution was diluted to 50 ml with 0.05 M sodium phosphate buffer (pH 6.0) containing 2 mM DTT and reconcentrated to about 5 ml. This solution was then applied to an hydroxylapatite column (1.0 by 30 cm), which had been equilibrated with the same buffer. The column was eluted at a flow rate of 3.6 ml/h with a 200-ml linear gradient of 0.05 to 0.5 M sodium phosphate buffer (pH 6.0). The single activity peak fractions were pooled and concentrated by ultrafiltration (UM-50 membrane), diluted with 0.05 M sodium phosphate buffer (pH 7.0) containing 2 mM DTT, and reconcentrated as before. Sufficient glycerol was added to the partially purified L+LDH preparation to give final concentration of 30% (vol/vol), with the preparation then being stored at 4 C without appreciable loss of activity over a period of several months.
The second peak eluted from the Sepharose 6B column was concentrated, diluted with 0.05 M Tris-hydrochloride buffer (pH 8.0) containing 2 mM DTT and 0.05 M NaCl, and reconcentrated to about 5 ml. This preparation was then applied to diethylaminoethyl-Sephadex A-25 column (2.0 by 30 cm), which had been equilibrated with the same buffer. The column was eluted at a flow rate of 100 ml/h with a 500-ml linear gradient of 0.05 to 0.5 M NaCl. The single activity peak fractions were pooled and concentrated by ultrafiltration (UM-50 membrane), diluted with 0.05 M Tris-maleate buffer (pH 8.0) containing 2 mM DTT, reconcentrated, and stored frozen without appreciable loss of D-LDH activity over a period of several months.
A summary of a typical purification procedure appears in Table 2 ; representative elution profiles are displayed in Fig. 2 . Both enzyme preparations were examined for homogeneity by polyacrylamide gel electrophoresis, but in both cases the preparations possessed a major protein band, which corresponded to the activity band, contaminated with two or three other faint protein bands.
pH optima and reversibility of the reactions. Hydrogen ion concentration was found to have different effects on lactate oxidation by L+LDH and D-LDH from P. cerevisiae. Maximum activity for L+LDH was found at pH 7.6, whereas that for D-LDH was at pH 9.6.
Pyruvate reduction by D-LDH demonstrated an activity peak at pH 8.0 (Fig. 3) , which shifted to a sharp peak at pH 3.6 when the pyruvate concentration was lowered from 5.0 to 0.5 mM. On the other hand, pyruvate reduction by L+LDH exhibited maximum activity in the pH range 4.5 to 6.0 at either pyruvate concentration.
In 1963 it was estimated that the internal pH of actively metabolizing cells of L. plantarum is 5.4 (19) . This value, as well as the pH value normally regarded as physiological (7.4) , was used in an estimation of the reversibility of both enzymes. Reaction velocities for lactate oxidation and pyruvate reduction of both enzymes at these pH values were estimated from the pH profiles for lactate oxidation and those shown in Fig. 3 (Table 4) . Chlorides of calcium, cobalt, magnesium, and manganese showed no effect, either positive or negative, at a final concentration of 10 mM. Sulfhydryl-binding reagents, p-hydroxymercuribenzoate and iodoacetamide, were tested as inhibitors of pyruvate reduction. Whereas iodoacetamide was without effect, p-hydroxymercuribenzoate inhibited both enzymes (Table 4).
Molecular weights. The molecular weights of P. cerevisiae D-LDH and L+LDH were estimated by gel filtration, by electrophoresis in TABLE 4 . Inhibition of D-LDH and L+LDH from P.
cerevisiae by compounds of regulatory significance and by divalent metal ions and nondenaturing polyacrylamide gels, and by electrophoresis in polyacrylamide gels containing sodium dodecyl sulfate (Table 5 ). Figure 5 is the calibration curve for estimation of the native molecular weights by electrophoresis in neutral polyacrylamide gels. Other calibration curves have already been published (11) . DISCUSSION A previous study of the production of D(-)-and L(+)-lactic acid in cultures of P. cerevisiae has shown that the ratio of L(+) acid to total lactic acid is high initially, but decreases as the cultures grow (9) . This finding was verified during the present investigation, and it presented the problem of how this L(+)-lactate is produced before the D(-) isomer during the growth cycle. The total absence of any lactate racemizing activity in crude extracts of P. cerevisiae, together with reports of NADdependent D-and L-lactate dehydrogenases in other pediococci (6, 14) clearly reveal that two lactate dehydrogenases are the vehicles for racemic lactate production by this organism. Kinetic and physical properties of NADdependent D-and L-lactate dehydrogenases from P. cerevisiae can be compared with those from other organisms producing racemic lactic acid, as studied by other workers. Michaelis constants for lactate and NAD, as well as pH optima for lactate oxidation for both enzymes, are remarkably similar to those previously reported for P. pentosaceus (6) and L. plantarum (4) . Comparison of the D-LDH can proceed further, with the enzyme from P. cerevisiae exhibiting heat lability and resistance to oxamate inhibition similar to this enzyme from other lactic acid bacteria (4, 8, 11, 16, 19) . However, in regard to these characters, the L+LDH from P. cerevisiae appears to resemble other D-LDH in that it is heat labile and oxamate does not inhibit lactate oxidation. This is in contradiction to the behavior of L+LDH from various lactobacilli (4, 10) , and only further investigation will show whether these characters are common to most lactic acid bacteria or if they are confined solely to the lactobacilli.
The effect of pyruvate analogues on pyruvate reduction by both enzymes is worthy of mention. a-Ketobutyrate can be utilized as a reducible substrate by both D-LDH and L+LDH from P. cerevisiae, which is also the case in L. plantarum (4) . However, oxamate is a potent inhibitor of pyruvate reduction by L. plantarum L+LDH with 50% inhibition resulting at 0.15 mM oxamate, whereas D-LDH is unaffected. Under similar circumstances neither D-LDH nor L+LDH from P. cerevisiae is inhibited.
The slight inhibition of L+ LDH from P. cerevisiae caused by p-hydroxymercuribenzoate is unusual since the presence of essential sulfhydryl groups in the enzyme protein is indicated by its absolute requirement for reducing compounds during purification. Perhaps the DTT added to the partially purified preparation or the relatively high substrate levels used for assay were sufficient to protect the enzyme from the sulfhydryl inhibitor.
Molecular size and arrangement of both lactate dehydrogenases from P. cerevisiae are of interest since they conform to the general pattern that is gradually becoming apparent for all lactic acid bacteria. The dimeric arrangement for D-LDH from P. cerevisiae with a molecular weight of about 70,000 shows a close similarity to the enzymes from Leuconostoc lactis (11, 16) and Lactobacillus leichmannii (11) , whereas the tetrameric arrangement for L-+ LDH from P.
cerevisiae with a molecular weight of about 140,000 shows a close similarity to the enzyme from Streptococcus cremoris (7). Native molecular weights of both of these enzymes from P. cerevisiae are comparable to values reported for many other lactic acid bacteria (5, 8, 10) .
Metabolic control of D-LDH and L+LDH from P. cerevisiae appears to be similar to the mechanisms described previously for L. lactis (11) , with pyruvate reduction by both enzymes being subject to product inhibition by NAD and to energy-dependent inhibition by adenosine triphosphate. Although these inhibitory effects are not as profoundly affected by pH as they are in leuconostocs, it seems that they still form the basis for the regulation of total lactate production by P. cerevisiae. However, this regulatory phenomenon fails to explain the reason for the sequential production of the two isomers of lactic acid in cultures of P. cerevisiae. It is our belief that culture pH is the determining factor in this production.
In the present study it has been found that D-LDH and L+LDH from P. cerevisiae react differently to change in pH depending upon the pyruvate concentration in the assay (Fig. 3) . Although Mizushima and Kitahara (18) reported that the intracellular pyruvate concentration in L. plantarum is approximately 5.2 mM, it would appear that the actual concentration in P. cerevisiae is much lower than this. Since the specific activity of pyruvate reduction in a crude extract of P. cerevisiae is 8.7 U/mg of protein while pyruvate kinase (EC 2.7.1.40) is extremely difficult to detect (G. Gordon and H. Doelle, unpublished observations), it seems unlikely that pyruvate would be able to accumulate in these cells and thus reach an intracellular concentration as high as 5 mM. Therefore, the pH profile most likely to correspond to physiological conditions is that obtained using low pyruvate concentrations (0.5 mM).
During the growth cycle of P. cerevisiae, L( +)-lactate production commences with initiation of growth when the pH of the medium is about 6.7 ( Fig. 1) , whereas this production ceases at almost the same time as D(-)-lactate production commences (when the pH is about 5.0). Actively fermenting L. plantarum cells have an intemal pH of 5.4 (19) and, in the absence of any contrary evidence, it seems reasonable to assume that the intracellular pH is similar to that of the medium. By reference to Fig. 3A , it can be seen that, as the pH falls from about 6.5 to 5.0, L+LDH attains maximum activity while D -LDH activity is still relatively low. At this pH in the culture, D(-)-lactate production commences with the pH falling to about 4.0 as a result, which can be explained by the activity maximum of D-LDH at a pH of 3.6. However, this apparently carefully regulated total production of one isomer of lactic acid followed by a switch to the total production of the other does not appear to be common among all racemic lactate-producing Lactobacillaceae. For instance, the percentage of L(+) acid in the culture changes little during growth of L. plantarum (9) , which is reflected in the fact that both lactate dehydrogenases from this organism display an optimum for pyruvate reduction at pH 6.0 (17) .
